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ABSTRACT: Cryptochromes (CRYs) are blue-light photoreceptors with known or presumed functions in light-
dependent and light-independent gene regulation in plants and animals. Although the photochemistry of
plant CRYs has been studied in some detail, the photochemical behavior of animal cryptochromes remains
poorly defined in part because it has been difficult to purify animal CRYs with their flavin cofactors. Here we
describe the purification of type 4 CRYs of zebrafish and chicken as recombinant proteins with full flavin
complement and compare the spectroscopic properties of type 4 and type 1 CRYs. In addition, we analyzed
photoinduced proteolytic degradation of both types of CRYs in vivo in heterologous systems. We find that
even though both types of CRYs contain stoichiometric flavin, type 1 CRY is proteolytically degraded by a
light-initiated reaction in Drosophila S2, zebrafish Z3, and human HEK293T cell lines, but zebrafish CRY4
(type4)isnot.Invivodegradationoftype1CRYsdoesnotrequirecontinuousillumination,andasinglelight
flash of 1 ms duration leads to degradation of about 80% of Drosophila CRY in 60 min. Finally, we
demonstrate that in contrast to animal type 2 CRYs and Arabidopsis CRY1 neither insect type 1 nor type 4
CRYs have autokinase activities.
Cryptochromes are photolyase-like flavoproteins that are
known or suspected to function as sensory photo-
receptors (1-3). Despite extensive work on the photochemical
andphotobiologicalpropertiesofanimalCRYs,
1atpresent,only
Drosophila cryptochrome (DmCRY) and some insect CRYs
closely related to DmCRY have been shown to function as
photosensors(4, 5).InanefforttoidentifyotherCRYsthathave
photosensory functions and establish a universal reaction me-
chanism for all CRYs, we have been isolating and characterizing
CRYs from diverse sources.
Phylogenetic analyses have divided the cryptochrome/photo-
lyase family into several classes (3-5) including the CPD
(cyclobutane pyrimidine dimer) photolyases and the single-
stranded DNA-specific photolyases, which use light energy to
repair CPDs in DNA, plant CRYs, which regulate growth and
development in response to light, and the animal CRYs. Animal
CRYs, of which there are several types, are related to the (6-4)
photolyases, which use light energy to repair (6-4) photoproducts
in DNA. Type 1 CRYs, which include DmCRY, are degraded in
vivo in response to exposure to light, and are thought to regulate
the circadian clock as a result of their effects on protein stability.
Type 2 CRYs are essential components of the circadian clock, in
which they function independently of light as repressors of
transcription. Type 2 CRYs have failed to show definitive
evidence for a photoreceptor function (3). Type 4 CRYs have
not been critically examined. However, based on evolutionary
considerations as well as expression patterns, it has been
proposed that type 4 CRYs function as potential circadian
photoreceptors in zebrafish and in the chicken pineal gland
(6, 7). Indeed, photoentrainment of peripheral organs of zebra-
fish and of the circadian rhythm of the zebrafish embryonic cell
line Z3 by light (8) and in chicken the presence of a vitamin
A-independent pineal photosensor (9) and constriction of the
embryonic chick pupil by light, independent of opsins (10), have
been considered as evidence for cryptochrome-mediated circa-
dian photoreception. Hence, we decided to purify zebrafish and
chicken type 4 CRYs and examine their putative photoreceptor
activity using type 1 CRYs, which are known to function as
photoreceptors, as reference proteins. In this paper, we describe
the purification of type 4 CRYs of zebrafish (Danio rerio)
(ZfCRY4) and of chicken (Gallus gallus) (GgCRY4) with
stoichiometric amounts of the FAD cofactor. In addition, we
compare the spectroscopic, photophysical, and photobiological
properties ofDmCRY andZfCRY4as representatives ofanimal
type 1 and type 4 cryptochromes. We find that the two types of
CRYs exhibit distinct excited-state dynamic and photobiological
properties. Strikingly, we find that while a light flash of 1 ms
duration is sufficient to cause nearly complete proteolysis of
DmCRY and that DmCRY is subject to light-induced proteo-
lysisinDrosophila,zebrafish,andmammaliancelllines,ZfCRY4
does not undergo light-induced proteolysis by flash or contin-
uous illumination in either orthologous or heterologous hosts.
These results suggest that animal type 1 CRYs which are known
to function as photoreceptors and type 4 CRYs which are
thought to be photoreceptors have potentially different photo-
signaling mechanisms.
MATERIALS AND METHODS
Plasmids and Baculoviruses. Plasmids and viral constructs
used in this study are listed in Table 1. The pAc5.1-dCRY-V5/
HisA (expressing DmCRY) and pAc5.1-β-Gal-V5/HisA and
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pAc5.1-DpCRY2-V5/HisA (expressing Danaus plexippus
(monarch butterfly) -DpCRY2) vectors have been described
previously (5, 11). pMal-EcPhr expression vector (Escherichia
coliphotolyase) (12)andpMal-AgCRY1(C413N)(13)havebeen
described previously. pcDNA4.ZfCRY4 was constructed by
inserting ZfCRY4 cDNA, which was amplified by RT-PCR
from total RNA isolated from the zebrafish embryonic Z3 cell
line (8), into pcDNA4/myc-his (Invitrogen) in frame with a Flag
tag at the C-terminus. The pAc5.1-ZfCRY4-V5/HisA was con-
structed by inserting ZfCRY4 cDNA from pcDNA4.ZfCRY4
into pAc5.1-V5/HisA (Invitrogen). pcDNA3-dCRY-V5/HisA
and pcDNA3-β-gal-V5/HisA were constructed by inserting
dCRY-V5/HisA and β-gal-V5/HisA, respectively, into pcDNA3
(Invitrogen).
Baculoviruses for DmCRY (13) and AtCRY1 (14) have been
described previously. The GgCRY4 coding sequence was ampli-
fied from chicken brain RNA (Clontech) and cloned into
pFastBac1 in frame with a Flag tag at the N-terminus. The
DpCRY2 coding sequence was amplified from pAc5.
1-DpCRY2-V5/HisA and cloned into pFastBac1 in frame with
a Flag tag at the N-terminus using the Gibco BRL Bac-to-Bac
baculovirus expression system (Invitrogen). Briefly, pFastBac1
plasmids containing target coding sequences were transformed
into the E. coli DH10Bac, and recombinant bacmids were
isolated from 1 mL of bacterial cultures grown from colonies of
transformants. For recombinant virus generation, Sf21 cells in
six-wellplatesweretransfectedwith1μgofbacmidsusi ng6μLof
Cellfectin reagent (Invitrogen), and parental virus was collected
after 72 h. After three more 72 h amplification steps, the fourth
passage(P4) high titerstock wasobtainedand used toinfectSf21
cells for large-scale expression of protein.
Cell Lines. The Sf21 insect cell line used for protein purifica-
tion was obtained from Stratagene. The Drosophila Schneider S2
cell line was obtained from Steven M. Reppert (University of
Massachusetts),andthe HEK293humanembryoniccelllinewas
obtained from ATCC. The rat retinal ganglion cell line
RGC5 (15) was a kind gift of Dr. N. Agarwal (The University
of North Texas Health Science Center).
TransfectionandCellCulture.TheDrosophilaS2cellswere
cultured and transfected as described previously (11). The
mammalian cells (RGC5 and HEK293T) were transfected using
Fugene 6 reagent (Roche), and the cells were maintained in
DMEM (Dulbecco’s modified Eagle’s medium; Sigma) supple-
mented with 10% FBS (Sigma) and 1  penicillin/streptomycin
(Gibco). The zebrafish Z3 cell line (8) was cultured in L-15
medium (Cellgro) supplemented with 10% FBS (fetal bovine
serum; Sigma) and 1  penicillin/streptomycin (Gibco). The S2,
Sf21, and Z3 cells were incubated at 27 C. The mammalian cell
lines, HEK293T and RGC5 (15), were grown in a 37 C
humidified chamber containing 5% CO2. Anti-Flag (Sigma),
anti-GAPDH (Cell Signaling), and anti-V5 (Invitrogen) antibo-
dies were obtained from commercial sources. The anti-mCRY1
monoclonal antibody was generated in our laboratory and has
been described previously (16).
Protein Purification. The maltose-binding protein (MBP)-
Phr (12) and MBP-AgCRY1C413N (a C413N mutant of
mosquito CRY1) fusion proteins (13) were expressed in E. coli
BL21 strain (Stratagene) and purified as described previouslyfor
DpCRY1(17).Typicalyieldswereabout2mgofMBP-CRYand
2 mg of MBP-Phr from 12 and 2 L cultures, respectively. The
purifiedproteinswerekeptat-80Cinstoragebuffercontaining
50 mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM dithiothreitol,
and 50% (v/v) glycerol. Purification and handling of CRYs
werecarriedoutat4Candunderdimyellowlight(>550nm)to
prevent accidental photoreduction.
To purify Flag-tagged fusion proteins (DmCRY, DpCRY2,
ZfCRY4, GgCRY4) from insect cells, Sf21 cells (10
6 per mL)
growing at 27 C in spinner flasks were infected with the P4 high
titervirusat1:100(v/v) ratio,thecellswereharvested2dayslater
and lysed as described previously (14), and the proteins were
purified using anti-FLAG M2-agarose beads from Sigma.
Briefly, 400 μL of Flag-agarose beads was incubated with
30 mL of cleared cell lysate for 2 h and then washed three times
with 15 mL of 1  TBS to remove unbound proteins. Recombi-
nantproteinswereelutedfromFlag-agarosebeadsin4mLof1 
TBS containing 100 μg/mL Flag peptide (Sigma). Eluted protein
samples were dialyzed against storage buffer containing 50 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM dithiothreitol, and 50%
(v/v) glycerol. AtCry1 was purified as described, using nickel
affinity chromatography (14). Typical yields were about 2 mg of
CRY from 1 L of culture. The purified proteins contained an
essentially stoichiometric amount of FAD as determined by the
absorbance at 440 nm/absorbance at 280 nm ratio as described
previously (18).
Excited-StateDynamics. Detailed experimentalprocedures
for excited-state dynamics have been described previously (19).
Light-InducedinVivoProteolysisofCRYs.DrosophilaS2
andzebrafishZ3cellsweretransfectedwithappropriateplasmids
in 60 mm dishes (Z3 cells) or T25 flasks (S2 cells). The cells were
split into 35 mm dishes 6 h after transfection and 48 h after
transfection were exposed to 366 nm light at a fluence rate of
2mWcm
-2fortheindicatedtimeusingaF15T8-BLBblacklight
(General Electric) lamp as a light source. The extent of photo-
induced proteolysis was determined by Western blotting using
Table 1: Plasmids and Viral Constructs Used in This Study
use construct host cells protein tag (terminus) ref
protein purification pMalEcPhr E. coli Ec photolyase MBP (N) 12
pMalAgCRY1 (C413N) E. coli AgCRY1-C413N MBP (N) 13
virus Sf21 DmCRY Flag, His (N) 13
virus Sf21 AtCRY1 His (N) 14
virus Sf21 GgCRY4 Flag (N) this study
virus Sf21 ZfCRY4 Flag (C) this study
virus Sf21 DpCRY2 Flag (N) this study
protein expression pAc5.1-ZfCRY4-V5/HisA S2 ZfCRY4 V5, His (C) this study
pAc5.1-dCRY-V5/HisA S2 DmCRY V5, His (C) (5, 11)
pAc5.1-β-Gal-V5/HisA S2 β-galactosidase V5, His (C) (5, 11)
pcDNA4.ZfCRY4 mammalian, Z3 ZfCRY Flag, Myc, His (C) this study
pcDNA3-dCRY-V5/HisA mammalian, Z3 DmCRY V5, His (C) this studyArticle Biochemistry, Vol. 48, No. 36, 2009 8587
appropriate antibodies, and the level of CRY proteolytic
degradation was quantified using ImageQuant software
(GE Healthcare) and expressed relative to internal control
β-galactosidase. Mammalian cells transfected with appropriate
plasmids were processed similarly except that cells were kept in
humidified chambers with 5% CO2 and at 37 C for 48 h, and
light was applied from outside of the incubator and filtered
through one glass plate. Light intensities were measured with
a UVX digital radiometer (UVP Inc.), and they represent the
intensities recorded after passage through the culture dish.
Camera Flash Photolysis. S2 cells were transfected with
appropriateplasmidsandincubated at27Cinthedarkfor48h.
For flash exposure experiments, cells were equilibrated to room
temperature and then were exposed to a single flash from a
commercial camera flash attachment (Vivitar). The flash of
bright white light lasts ∼1 ms at intensity of 1 W cm
-2.C e l l s
were in growth media at the time of the flash and were exposed
through a glass plate and the lid of the culture dish. The media
(1.5 mL in a 35 mm diameter dish) is a complex mixture with no
pHindicatorandwhichhasanabsorbanceof0.23at400nm.The
dishwas at a distance of 6 cm from the flash unit. Cells werekept
at room temperature, and at various times following the camera
flash they were harvested, pelleted, and resuspended in
SDS-PAGEsampleloadingbuffer.Theproteinswereseparated
on 8% or 9% SDS-PAGE, and the CRY and β-galactosidase
(control)levelsweredeterminedbyimmunoblottingwithanti-V5
antibodies and quantified using the ImageQuant software (GE
Healthcare) system.
KinaseAssay.Purifiedproteinsintherangeof0.5-2μgwe re
dissolved in 20 μL of the kinase buffer containing 50 mM Tris-
HCl at pH 7.4, 5 mM MgCl2,1 0 0μM ATP (plus 1 μCi of
[γ-
32P]ATP (3000 Ci/mmol)), and 10 mM β-mercaptoethanol.
Irradiation of samples in Eppendorf tubes was carried out at
room temperature for 30 min at a fluence rate of 2 mW cm
-2
(after passing through Eppendorf tubes) under a F15T8-BLB
black light (General Electric) fluorescent lamp. For dark con-
trols, the Eppendorf tubes were covered with aluminum foil and
incubated alongside the light condition samples.
RESULTS
Purification and Spectroscopic Properties of Type 1 and
Type 4 Animal Cryptochromes. Previously, we reported the
purification of type 1 CRYs of several insects using baculovirus/
insect cell and bacterial expression systems (13, 17). These
preparations contained stoichiometric flavin and were amenable
to photochemical and photophysical analyses (19, 20). In con-
trast, previous attempts to purify vertebrate CRYs from natural
sources have not been successful, and recombinant vertebrate
CRYspurifiedfromheterologoussourceshavecontainedgrossly
substoichiometricFAD (14, 21). However, these efforts topurify
vertebrate CRYs were aimed at obtaining type 2 CRYs which
functionastranscriptionalrepressorsinadditiontoanypotential
photoreceptiveactivity(22,23)andapparentlydonotrequirethe
FAD cofactor for their repressor activity (24). Hence in this
study, in an effort to test for a photoreceptor function of
vertebrate CRYs, we concentrated on two type 4 CRYs from
zebrafish (ZfCRY4) and chicken (GgCRY4) because some
photobiological data suggest that these vertebrate CRYs might
function as non-opsin photosensory pigments (9, 10). Drosophila
CRY (DmCRY) was used as a positive control. We used the
baculovirus/insect cell vector/host system for expression, and the
proteins were isolated to high levels of purity by affinity
chromatography. The three proteins were analyzed by
SDS-PAGE and Coomassie staining (Figure 1A). The absorp-
tionspectra ofthe purified proteins showthat they containflavin
in the two-electron-oxidized FADox state (Figure 1B). As re-
ported previously, exposure of type 1 CRYs to blue light causes
photoreduction ofthe flavin tothe FAD
￿- anion radical (17,25),
whichmostlikelyrepresentstheinvivodark(ground)stateofthe
cofactor (13). In contrast, exposure of type 4 CRYs leads to the
formation of two-electron-reduced FADH2 (or FADH
-)w i t h -
out a detectable intermediate of an FAD
￿- anion radical.
Interestingly, incubation of DmCRY (type 1) at 4 C under
aerobic conditions and in the dark for 1 h results in complete
reoxidation of the cofactor to the FADox form without a
detectable neutral radical intermediate. In contrast, incubation
of reduced type 4 CRYs under the same condition generates a
rather stable FADH
￿ blue neutral radical (Figure 1B), in a
manner similar to that of Arabidopsis CRY1 and of photolyases
from a variety of sources (19, 26). While the functional signifi-
cance of the differential behaviors of type 1 and type 4 CRYs is
unclear at present, for the first time a vertebrate cryptochrome
with full complement of FAD has now become available for
photophysical, photochemical, and biochemical analyses. Be-
cause of the nearly identicalsteady-statespectroscopic properties
of ZfCRY4 and GgCRY4 we conducted the rest of our CRY4
studies with ZfCRY4 for convenience and because of the
availability of a light-sensitive zebrafish cell line, in which
ZfCRY4 is thought to function as a photoreceptor (8) and could
be used in our experiments.
Comparison of Excited-State Dynamics of ZfCRY4
with Dynamics of Photolyase and a Type 1 CRY. Excited-
state dynamics of flavoproteins has the potential of providing
significant information about their photochemical and bio-
chemical reactions (27). Hence, we carried out a systematic
analysis of ZfCRY4 excited-state dynamics using E. coli photo-
lyase (EcPHR) and Anopheles gambiae (mosquito) CRY1
(AgCRY1),bothofwhichareknowntocarryoutphotochemical
reactions (5) as reference proteins of the photolyase/crypto-
chrome family. AgCRY1 was used as a representative of type 1
CRYs because of its ready availability and DmCRY-like photo-
chemical and biological properties (5). Similarly, ZfCRY4 was
used as a representative of type 4 CRYs because it exhibits 62%
sequence identity to GgCRY4 (7), and an orthologous light-
sensitive zebrafish cell line (Z3) (8) is available for the expression
of ZfCRY4 and photobiological testing. Figure 2A shows the
fluorescence emission spectra of ZfCRY4 after excitation at
differentwavelengths,andFigure2B showsthe lifetime measure-
ments of ZfCRY4, folate-depleted E. coli photolyase, and
AgCRY1. Note that in this experiment we used a mutant of
AgCRY1 (AgCRY-C413N) that like ZfCRY4 and EcPHR goes
through a FADH
￿ neutral radical intermediate during oxidation
from the FADH
- form (13, 19). Because the FADH
- form is
known tobethe active form of photolyase (28, 29) andsuspected
to be the active form of type 4 CRYs, all three proteins were
reduced to this form photochemically (19, 20) and used in the
excited-state dynamic study.
Two conclusions can be made from the data in Figure 2. First,
the emission spectra of ZfCRY4 with different excitation wave-
lengths are all the same (Figure 2A) as was observed for E. coli
photolyase (20, 30) because as expected from Kasha’s law
fluorescence emission at all excitation wavelengths is from the
lowest excited state. This contrasts with type 1 CRYs whose8588 Biochemistry, Vol. 48, No. 36, 2009 Ozturk et al.
emission spectra of FAD
-* are excitation wavelength-depen-
dent (19). Second, the lifetime of the fluorescence transient of
ZfCRY4 stands between that of photolyase and those of type 1
CRYs. E. coli photolyase flavin adopts a rather planar structure
and has a single-exponential decay with a lifetime of 1.3 ns that
enables the enzyme to maximize its electron-transfer reaction. In
contrast, insect type 1 CRYs have multiple deactivation time
scales from a few picoseconds up to a few nanoseconds, which is
another manifestation of excitationwavelength-dependentfluore-
scenceemissionmaxima.TheflavinmoietyofFADisbelievedto
be flexible in insect type 1 CRYs and experiences a butterfly
bending motion to give rise to multiple deactivation pathways
andhencemultiplelifetimes(19).InthecaseofAgCRY1-C413N,
the transient is best fitted with a three exponential with the two
predominant ones in the picosecond range: 5 ps (47%), 105 ps
(28%), and 2.3 ns (25%) (Figure 2B) (19). The fluorescence
transient signal for ZfCRY4, like AgCRY1, is best fitted with
multiple decays but with one important difference in that by far
the most predominant species has a photolyase-like lifetime: 6 ps
(17%),118ps(15%),and1.85ns(68%).Thus,itappearsthatthe
excited-state dynamics of ZfCRY4 has similarities to both
photolyase and insect type 1 CRYs, and probably it represents
anothertypeofphotoreceptorbehaviorwithitsownexcited-state
photophysics.
Photoinduced Proteolysis. Exposure of Drosophila to light
causes degradation of DmCRY (4). The finding that light-
induced proteolytic degradation of DmCRY could be achieved
in the Drosophila S2 cell line (5, 31-33) provided a simple
experimental system to study DmCRY, other type 1 CRYs (5,
11),andpotentiallyotheranimalCRYssuchastype4CRYsthat
may function as photoreceptors. Hence, we wished to use this
system to determine if type 4 CRYs also undergo photoinitiated
andproteasome-mediatedproteolyticdegradationsimilartothat
ofDmCRY(34)andallothertype1CRYstestedsofar(5,11).In
Figure 3A, we present the results of such an experiment. The S2
cells were transfected with vectors expressing DmCRY or
ZfCRY4 as well as β-galactosidase as an internal control.
Transfected cells were exposed to increasing doses of 366 nm
light and then were lysed, and photoinduced proteolysis was
quantifiedbyimmunoblotting(Figure3A).DmCRYisdegraded
by 366 nm in a dose-dependent manner, in agreement with other
reports (11, 31, 32). In contrast, no degradation of ZfCRY4 is
detected within the dose range used (Figure 3A). A recent report
concluded that nearly 20 Drosophila proteins including redox
mediators (thioredoxin, glutathione S-transferase, and a cyto-
chrome p450), phosphatases, ubiquitin ligases, and several sub-
units of proteasome are involved in light-induced proteolysis of
DmCRY (35). However, another studyconcluded that the Jetlag
E3 ligase is responsible for light-induced ubiquitylation and
ultimate proteolysis of DmCRY (36). Hence, it was possible that
the lack of photoinduced proteolysis of ZfCRY4 was due to
species specificity of the enzymes necessary for modification/
proteolysis of type 4 cryptochromes. Also, it was conceivable
thatZfCRY4didnotacquireitsputativesecondchromophorein
S2 cells, which would decrease its efficiency of photodegrada-
tion. Therefore, we tested ZfCRY4 as well as DmCRY for
FIGURE 1: Spectroscopic properties of type 1 and type 4 animal cryptochromes. (A) Analysis of purified proteins by 8% SDS-PAGE and
Coomassie staining. The numbers tothe leftofthe panel indicate the positions ofmolecular massmarkers inkilodaltons. Approximately 5 μgo f
eachcryptochromewasloaded.(B) Absorptionspectraof(a)DrosophilaCRY,(b)zebrafishCRY4,and(c) chickenCRY4.Solidline:spectraof
CRYspurifiedunderyellowlight.Dashedline:spectraafterexposureto2mWcm
-2of366nmlightfor10minwhichreducesFADinDmCRYto
the anion radical and reduces FAD in the type 4 CRYs to the two-electron-reduced FADH
- (or FADH2) form without a detectable radical
intermediate. Dotted line: absorption spectra of the photoreduced samples after incubating in dark under aerobic conditions for 30 min for
DmCRY and for 5 h for ZfCRY4 and GgCRY4. As is apparent DmCRY oxidizes rapidly without a detectable radical intermediate whereas
ZfCRY4 and GgCRY4 reoxidize slowly and generate a very stable FAD
￿ neutral radical.Article Biochemistry, Vol. 48, No. 36, 2009 8589
photoinducedproteolysisinthe zebrafishZ3cellline(8).We find
that the zebrafish CRY4 is not degraded by light even in this
orthologous cell line (Figure 3B). In contrast, DmCRY is
degraded by light in Z3 cells almost as efficiently as in the S2
cell line, indicating that the light-activated cryptochrome modi-
fication/proteolysis apparatus is present in organisms even in the
absence of any indication that such a reaction occurs with those
organisms’ intrinsic cryptochromes. Finally, we find that even a
human embryonic kidney cell line (HEK293T) is capable of
photoinduced proteolysis of DmCRY. As in Z3 cells, ZfCRY4 is
not degraded inthisvertebratecellline(Figure 3C).Weconclude
that vertebrates possess the enzymatic mechanisms for photo-
induced proteolysis of cryptochromes, but that if type 4 CRYs
function as photoreceptors, photoinduced proteolysis is not a
feature of their photocycle, and that type 4 CRYs operate by a
mechanism dissimilar to that of type 1 CRYs.
Flash Photolysis. Commercial camera flash units deliver
sufficient energy in approximately 1 ms to repair all thymine
dimers in photolyase-DNA complexes (29, 37). This “flash
photolysis” technique has been used extensively to characterize
thephotochemicalreactioncarriedoutbyphotolyase.Wewished
to employ this method to gain some insight into the photoche-
mical reaction carried out by type 1 CRYs and possibly detect
photoinduced proteolysis with a type 4 CRY that was not
degraded with the lower fluence rate light employed in our
continuous illumination experiments.
Infact,ina study aimed at determiningsome basic parameters
of light-induced DmCRY degradation it was reported that
photoinduced proteolytic degradation of DmCRY requires con-
tinuous illumination because under the experimental conditions
used in that study cryptochrome degradation stopped when light
was turnedoff(32).Atfacevalue, thisfindingsuggests thatCRY
only in a short-lived photochemically excited state is a target for
posttranslational modification that leads to eventual proteolysis.
FIGURE 3: Photoinduced proteolysis of CRYs in homologous and heterologous systems. Cells were transfected with plasmids encoding the
indicatedcryptochromes,andβ-galactosidaseasanegativecontrol,and48hlaterwereirradiatedwith366nmlightatafluencerateof2mWcm
-2
for the indicated times. The cells were then collected, and the level ofCRYs and β-galactosidase was analyzed by Western blotting using anti-V5
antibodyforDmCRYinS2,Z3,andHEK293TcellsandZfCRY4inS2cellsandanti-FlagantibodyforZfCRY4inZ3andHEK293Tcells.Left
panels show representative blots, and right panels show quantitative analysis of light-induced proteolysis as a function of light dose. Averages
fromthree experiments including theonesshownintheleftpanelareincluded.Barsindicatestandarderrorsofthe mean.Thehostcells were (A)
S2 cells, (B) Z3 cells, and (C) HEK293T cells.
FIGURE 2: Excited-state dynamics of ZfCRY4. (A) Absorption and
emission spectra of ZfCRY4 (FADH
-). The emission spectra are
excitation wavelength independent. The small shoulders and sharp
peaks at short wavelengths (350-470 nm) are potential second
chromophore emission and Raman Scattering, respectively. (B)
Comparison of the fluorescence transients of ZfCRY4 and EcPHR
andmosquitoAgCRY1.Ashort-timerangeisshownintheinset.All
threetransientsexhibitsomeuniqueproperties,indicativeofdifferent
functional behaviors.8590 Biochemistry, Vol. 48, No. 36, 2009 Ozturk et al.
To test this model, we subjected S2 cells expressing recombinant
DmCRY to a single camera flash of ∼1m sd u r a t i o na n dt h e n
incubated them in the dark at room temperature for various
periods of time,andthe level ofCRY proteolysis was assessed by
immunoblotting as a function of time after the flash. Unexpect-
edly, a single camera flash followed by incubation in the dark
results in nearly 80% DmCRY degradation in 1 h (Figure 4). As
isapparentfrom this figure, following the lightflash the majority
of DmCRY is degraded in the dark with a first-order rate
constant of k1 =5 . 8  10
-4 s
-1 (t1/2 = 20 min). A second
population of DmCRY consisting of about 20% of the total is
resistant to proteolysis because under the experimental condi-
tions used DmCRY continues to be synthesized after the flash as
observed under conditions of continuous illuminations (32).
Importantly, these results unambiguously show that continuous
illumination is not necessary for light-initiated DmCRY degra-
dation. Furthermore, this finding suggests that light exposure
creates a CRY metastable state (we prefer this term to “excited
state” or “transition state” as these terms have precise meanings
in photophysics and kinetics, respectively) that lasts long enough
toenableproteinkinasesandE3ligasestoactonCRYtomakeit
a target for the proteasome. In any event, these results place
certain limitations on the possible sequence of events that occur
from absorption of a photon to posttranslational modification
and ultimate proteolysis of type 1 CRYs.
Because the fluence rate of a multiunit camera flash is much
higherthantheconventionallightsourcesusedinourcontinuous
illumination experiments (38), we considered the possibility that
type 4 CRYs that do not undergo light-induced proteolysis with
continuous illumination might do so with the higher fluence rate
of flash photolysis. Hence, we carried out the same camera flash
experimentsonZfCRY4.Therewasnodegradationofthistype4
CRY even under this excitation condition (Figure 4). We
conclude that photoinduced proteolysis is not a part of the
photosignaling or of the downregulation of the photosignal
initiated by type 4 CRYs, if indeed these CRYs function as
photosensory photoreceptors.
Finally, even though there is no evidence that mammalian
cryptochromes aredegraded by lightintheir natural hosts,itwas
recently reported thathuman CRY1(atype 2 CRY) expressedin
Drosophila was degraded upon exposure of the flies to light (39).
We were unable to observe any light-induced degradation of
HsCRY1 in Drosophila S2 cells. Hence, we decided to test the
photoinduced proteolysis of a type 2 CRY in its native host.
We chose to use the RGC5 rat ganglion cell line (15) for several
reasons. First, the endogenous RrCRY1 (Rattus rattus CRY1)
is expressed at a high level in these cells and can be readily
detected using our anti-mCRY1 antibodies (16). Also, RGC5
cells are more likely to have a CRY photosignaling machinery
including proteolysis because of its origin from a photosensory
tissue. We find that RrCRY1 does not undergo photoinduced
proteolysis in RGC5. In contrast, DmCRY, as was observed
inallotherinsect,zebrafish,andhumancelllinestested,issubject
to photoinduced proteolysis in RGC5 cells as well (Figure 5).
We conclude that neither type 2 nor type 4 CRYs are subject to
light-activated proteolysis in any cryptochrome/host cell system
tested even under the relatively high blue light dose used in our
study.
Autokinase Activities ofCryptochromes. Manyphotosen-
sory proteins including phytochrome and phototropin are au-
tophosphorylating kinases. It has been reported that AtCRY1,
HsCRY1, and HsCRY2 but not AtCRY2 have autokinase
activities (21, 40, 41). However, there is disagreement on whether
ornottheCRYkinaseactivityisstimulated bylight(21,40).The
fact that AtCRY2, which isa bona fide blue-lightphotoreceptor,
lacks kinase activity suggests that autokinase function is not a
sinequanonofsensoryphotoreceptors.Withthisconsiderationin
mind, we tested both a type 4 CRY (ZfCRY4), which contains
stoichiometric FAD, and an insect type 2 CRY (DpCRY2),
which contains only trace FAD when purified as recombinant
protein for kinase activity (Figure 6). AtCRY1, which contains
stoichiometric FAD, as expected, is an autokinase in agreement
with our previous report, and under our assay conditions the ki-
nase activity is not stimulated by light (21). Interestingly, we find
that the butterfly (D. plexippus) type 2 CRY (DpCRY2) which
phylogenetically segregates with mammalian CRYs (5)a l s oh a s
autokinaseactivity.Importantly,DmCRY(atype1CRY)which
is known to function as a photoreceptor has no kinase activity,
FIGURE 4: Effect of a single flash of light proteolysis of a type 1 and a type 4 CRY. S2 cells were transfected with plasmids expressing V5-tagged
β-galactosidaseandeitherDmCRYorZfCRY4and48haftertransfectioncellswereexposedtoasinglecameraflashandincubatedinthedarkat
room temperature. At the indicated time points cells were harvested, homogenates were prepared, and proteins were separated on SDS-PAGE
and immunoblotted using anti-V5 antibody. Representative blots are shown in the left panel, and quantitative analyses of two experiments are
plotted in the right panel (means and standard deviations where larger than the data points).Article Biochemistry, Vol. 48, No. 36, 2009 8591
and ZfCRY4 (a type 4 CRY) which is suspected to be a
photoreceptor lacks autokinase activity both in light and in the
dark.
CONCLUSIONS
Inthisstudy,wecomparedthephotochemical/photobiological
properties of type 1 and type 4 CRYs with the overall goal of
gaining further insight into the cryptochrome photosignaling
mechanism. Several facts salient to the photosensory properties
of cryptochrome have emerged from this study.
First, in both orthotopic and heterotopic hosts DmCRY (a
type 1 CRY) is subject to photoinitiated proteolysis, indicating
that the molecular machinery of photoinduced CRY proteolysis,
which encompasses specific phosphorylation, ubiquitination,
and proteolysis by the proteasome, is conserved in all animals
tested including Drosophila, zebrafish, rat, and human. Cell lines
from some of these organisms (insect, zebrafish) are known to be
photoresponsive; others (rat, human) are not photoresponsive.
Hence, the lack of photoinitiated proteolysis of type 4 CRYs in
any of these cell lines provides reasonable evidence that these
cryptochromes are not subject to light-induced proteolysis under
physiological conditions.
Second, DmCRY is degraded in the dark nearly completely in
60 min following exposure to a camera flash of ∼1m sd u r a t i o n
and of 1 W cm
-2 fluence rate. Using the known extinction
coefficientofthecryptochrome,thenumberofphotonsabsorbed
by CRY within this period can be calculated from the formula:
n ¼ 4 10
-21εNhυ
where n = photons absorbed by CRY per second, ε =m o l a r
extinction coefficient of CRY (∼10
4 M
-1 cm
-1),and Nhυ =
photons cm
-2 s
-1 (fluence rate).
At a fluence rate of 1 W cm
-2 of 400-600 nm photons
delivered by the camera flash, it is estimated that about 10
6
photons are absorbed by a CRY molecule per second or 10
3
photons absorbed per millisecond. Because the average lifetime
of the excited state of a type 1 CRY is about 0.5 ns (19), the
probabilityofabiphotonicreaction(absorptionofaphotonbya
molecule in a photochemically excited state) for type 1 is
negligible (0.5   10
-9   10
3 =0 . 5  10
-6). Therefore, any
modelproposedtoexplaintheactionmechanismoftype1CRYs
must take into account the fact that the photophysical/photo-
chemical reaction necessary to initiate the proteolysis of type
1 CRYs must be completed within <1 ns. This time is far too
FIGURE 5: Light-induced proteolysis of Drosophila CRY but not of rat CRY1 in the RGC5 rat ganglion cell line. Proliferating RGC5 cells in 60
mmdishesweretransfectedwithpcDNA3-DmCRY-V5/HisAandpcDNA3-β-gal-V5/HisA(1:1ratio)orpcDNA3vector.Cellsweresplitinto35
mmdishesandkeptinthedarkat37Cfor 48h.Lightat2 mWcm
-2 fluenceratewasapplied fortheindicatedtimesina sealedincubator.Cells
were collected and lysed, and the levels of DmCRY were determined by Western blotting using anti-V5 antibody. For RrCRY1, cells were
subjected to the same growth conditions and irradiation regimen but were not transfected. Following lysis, the status of RrCRY1 was probed
using anti-mCRY1 monoclonal antibodies and anti-GAPDH as a loading control. Left panel: A representative blot. Right panel: Quantitative
analysis of data from two experiments. Bars indicate the standard deviations. Circles, DmCRY; diamonds, RrCRY1.
FIGURE 6: Kinase activities of AtCRY1 and animal type 1, type 2, and type 4 CRYs. Reaction mixtures in kinase buffer with [γ-
32P]ATP label
wereincubatedfor30mineitherindarkorunder366nmlightat2mWcm
-2for30minandanalyzedbySDS-PAGE.Left,Coomassiebluestain;
right, autoradiogram.8592 Biochemistry, Vol. 48, No. 36, 2009 Ozturk et al.
short for a diffusion-controlled bimolecular reaction to take
place even when the reactants are at millimolar concentrations.
These considerations lead to the conclusion that the primary
photochemical reaction of CRY is either intramolecular
(conformational change or redox reaction) or intermolecular
(energy or electron transfer) between cryptochrome and a highly
abundant substrate that has high enough affinity for CRY such
that at any given moment at least 80% of CRY must be in
complex with its substrate. Considering the unlikelihood of
having a reactant at high concentration to saturate the grossly
overproduced CRY in transfected S2 cells, we conclude that the
primary photochemical reaction in type 1 CRYs is most likely
intramolecular.
Third, the type 4 CRYs are, so far, the only vertebrate CRYs
purified with a stoichiometric amount of flavin and as such
provide a unique opportunity to analyze vertebrate CRY photo-
chemistryinvitro.Fromaphotophysicalstandpoint,wefindthat
type 4 CRYs exhibit characteristics more similar to photolyase
thantype1CRYsinthattheexcitedstateisdominatedbyalong-
livedsinglet witha lifetime of about 1 ns. Alongthese lines, while
the FADox form of type 1 CRYs is photoreduced to FAD
￿-,t h e
type 4 CRYs are photoreduced to FADH2 (or FADH
-).
Furthermore, when the FADH
- form of type 4 CRY is
incubated under aerobic conditions, it is first oxidized to the
rather stable FADH
￿ blue neutral radical before conversion to
the two-electron-oxidized FADox form.
Lastly, type4 CRYsdonotundergophotoinduced proteolysis
during their photocycle in vivo. In this regard type 4 CRYs are
similar to Arabidopsis CRY1 which contains FADox after
purification,isphotoreducedtoFADH
-,andisreoxidizedunder
aerobic conditions to FADH
￿ first, before full oxidation to the
FADoxform.Importantly,Arabidopsis CRY1,liketype4CRYs,
does not undergo photoinduced proteolysis during its photo-
sensory photocycle.
In Table 2, we compare some of the plant and animal CRYs
that have been characterized to date with respect to their
photosensory and transcriptional repressor functions, light-in-
duced proteolytic degradation, and autokinase activity. Some
generalizations can be made from this table. First, photoinduced
proteolysis is not a general property of photosensory CRYs as
AtCRY2 and DmCRY undergo light-induced proteolysis, but
AtCRY1 whose photosensory activity is well characterized does
not. Second, CRYs whose transcriptional repressor activities are
wellestablished suchas HsCRY1and HsCRY2 and type2 insect
CRYs have kinase activities, but some of the primarily photo-
sensory CRYs such as AtCRY1 do while AtCRY2 does not.
Third, it appears that the FAD cofactor is not needed for
the kinase function because type 2 CRYs, which function as
transcriptional inhibitors when expressed in Sf21 or S2 cells, do
not bind measurable amounts of FAD but function as potent
inhibitors of Clock:BMal1complex(5).Finally, type 4 CRYsare
unique among all of the animal CRYs characterized so far
because they neither repress Clock:BMal1 nor undergo photo-
induced proteolysis. The full complement of FAD in the type 4
CRYs we have analyzed and the unique expression patterns of
these CRYs in zebrafish and chicken tissues that are
photosensitive (6-10) are strong circumstantial evidence for a
circadian photoreceptor function of these cryptochromes. It is
expected that further work on these CRYs will contribute
significantly to the development of a unified model for the
cryptochrome photocycle.
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